We have constructed a data-derived model of the evolution of the spatial structure of the ring current geomagnetic signature during storms. A spatially dependent generalization of the Dessler-Parker-Skopke relation has been derived to explain the spatial structure in the midlatitude magnetic fluctuations (MLMF) as observed by ground magnetometers. Such a relation is used as a basis for constructing solar-wind-driven, data-derived models of the MLMF. The model includes a coupling to the solar wind as the energy driver and also includes a nonlocal coupling as an explanation of the inhomogeneity in the energy density that appears in the ring current during the main phase of a storm. Both linear and nonlinear models for the evolution of the spatial structure of the MLMF are constructed, and the nonlinear spatial model of the ring current produces better predictions than the linear one. This can be taken as an indication that during strong magnetic storms the ring current evolves in a nonlinear fashion. The spatial data used in the generation of the models are rotated to a frame "fixed" with the ring current, and presure effects were accounted through a kinematic relation. The techniques developed in this paper are very general and can be used to study other systems that show spatial structure, such as the high-latitude current system.
Introduction
The solar wind-magnetosphere coupling is enhanced when the interplanetary magnetic field (IMF), convected by the solar wind to the dayside magnetosphere, is southward for several hours [Gonzalez et al., 1994 ].
This enhanced coupling may energize the magnetosphere-ionosphere system, leading to an intensified ring current and a magnetic storm. Such intensification can be characterized by the variations of the horizontal component of the magnetic field at midlatitude ground stations. A globally averaged measure of the storm intensification is usually characterized by the Dst index constructed from these midlatitude ground stations. Intense storms, defined by Dst values below -100 nT, have been identified as the cause of extensive damage to many ground and space-based systems, and as such, their understanding is crucial to space weather studies [Joselyn, 1995] . Such effects include fluctuating magnetic fields generated on the ground, which can destabilize electric power transmission systems. In space, changes in the magnetosphere can produce energetic particle fluxes that affect satellites, sometimes causing irreparable damage to the electronics on board.
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The development of magnetic storms, including the energy content in the ring current and the coupling to the solar wind, has been successfully modeled in the past as a simple, nonlinear, input-output system, with solar wind VBz as the input and Dst as the output [Gonzalez et al., 1994; Valdivia et al., 1996; Wu and Lundstedt, 1996] , where V is the x component of the solar wind velocity and Bz the z component of the solar wind magnetic field. We expect that a more complete understanding of the nonlinear behavior of the ring current could be reached after a more careful analysis of the evolution of its spatial structure, namely, its spariotemporal behavior. For this purpose, we have generalized the input-output analysis of the ring current to a solar-wind-driven spatiotemporal dynamical model nent of space weather efforts to monitor and predict the near-Earth space environment. The tools developed in this paper for studying the spatial structure of the MLMF are very general and can also be used to study other current systems, such as the high-latitude magnetic perturbations and the related electrojet currents [Valdivia et al., 1998 ]. These techniques could, in principle, provide us with a tool to understand some of the multiscale behavior present in the Sun-Earth system such as the multiscale self-organization, which has been invoked by Klimas et al. [1996] and others to explain the success of low-dimensional models in predicting the different indices, e.g., AL, AE, Dst (see also the review of $harma [1995] ). Furthermore, these types of analyses have helped in the past in the development of magnetospheric models from first principles. Clear examples are the low dimensional Faraday loop model of Klimas et al. [1992] and the low-dimensional, energy-conserving state space models of Horton and Doxas [1996] . For all of these reasons, we believe that it is important to study and model the spatial structure of the ring current and its MLMF.
Data Description
We use a database that contains the horizontal com- [1997] . Each of the models that we construct will be applied to a test set, or out-of-sample set, which starts around the middle of the 68th day and last for about 2.5 days. The models will be constructed from a training set that contains the whole database except for the test set. There are other ways to estimate the amplitude of the magnetic perturbation at the equator, such as Dst = • AH/y•cos(•i) [Mayaud, 1980] , which gives a Dst that is extremely similar to that given by the formula of McPherron [1997] , with a maximum difference of 3 nT during intense periods. Such difference is smaller than the models' error, therefore the choice of formula for Dst will not affect our conclusions for this data set. The magnetic field measured at midlatitudes can be affected significantly by variations of the solar wind ram pressure p = nm+V 2, which produces changes in the magnetopause currents (n and V are the solar wind density and speed, respectively, and m+ is the proton mass). It is generally considered that the solar wind ram pressure only contributes as a linear correction to the magnetometer measurements, where a "pure" ring current evolution can be described by a "pressure-corrected" Dst* = Dst q-bx/• q-c [Burton et al., 1975] (for this data set we estimated, c = 18 nT and b = -13 nT/(nPa)•/2). Note that, in principle, the ram pressure should include the effect of heavier ions such as helium, for which a 5% abundance can account for a 10% correction to Dst*. For this paper we consider only the averaged contribution of heavier ions to the correction of Dst*, which can be absorbed in the value of b. There may be cases in which variations in the abundance of heavier ions may have relevant effects in the evolution of Dst, and this point should be studied more carefully. The effect of the ram pressure on the magnetometer measurements can be dynamical in nature and spatially dependent, as the compression of the magnetopause can affect the magnetometer locations with different strength. Furthermore, the relevance of the dynamical effect of the solar wind ram pressure on the ring current is not clearly understood. The trajectories of particles and their loss rate can be affected by the pressure-induced motion of the magnetopause, especially under severe storm conditions. These interesting issues are beyond the scope of this article; therefore, for the purposes of this work, the magnetometer data will only be linearly corrected for pressure as described below.
The structure of the article is as follows. The next section describes the linear and nonlinear model for the evolution of the Dst and its physical basis. The evolution of the spatial structure of the MLMF, its physical significance, and its modeling are given in the following section. After the conclusion, we have the two appendices. Appendix A clarifies the relation between the spatial structure in the MLMF and the ring current energy density. Appendix B contains all the information relevant to the model construction and development for both single or multiple outputs. The relevant variables are shown in T1 and the relevant models used throughout the paper are displayed in T2 for reference. In an average sense the ring current particle energy content eT increases owing to particle energization or injection and decreases with a characteristic timescale r. The ring current decay timescale depends on a number of factors such as inelastic interactions, wave-particle interactions, charge exchange, etc. [Roeder et al., 1995] .
Global Model of the Ring Current
Hence the time evolution of the ring current particle energy content, as represented by the pressure-corrected Dst index, has been traditionally modeled using an input or injection function Q(t) and a recovery with a characteristic timescale r [Burton et al., 1975] , so that dDst*(t) Dst*(t) = Q(t)-
dt r
The strong correlation between the Dst and some interplanetary variables during a storm is well known from earlier studies using linear models [Burton et al., 1975] As we will see in the next section, the ring current displays a clear spatial structure in its evolution. Therefore it becomes clear that a more complete understanding of the ring current and magnetic storms could be reached after a more careful analysis of its spatial and temporal behavior.
Spatial Structure of the Ring Current
Clauer et al. [1983] and others have studied the relation between the solar wind input and the midlatitude , asymmetric disturbance magnetic field. The asymmetric field is expected to be produced by the inhomogeneity in the ring current during periods of high activity. Along similar lines we shall study the spatial structure, not just the symmetric and asymmetric components, of the midlatitude disturbance magnetic field. we get the magnetic field perturbation that is shown in Figure 3b . Therefore the spatial structure in the MLMF can be explained as due to the spatial structure of the current density in the ring current. In particular, the MLMF can be affected by both the azimuthal variation in the current density as well as the radial variation (see Appendix A).
This analysis is only a first approximation as can be observed by comparing the spatial structure of the real MLMF in Figure 2 and the modeled MLMF in Figure   3 . This model must be extended to include other relevant effects, such as the spatial effect of the solar wind ram pressure, nondipole magnetic field lines, etc; but it is important to realize that by observing the spatial structure of the MLMF, as measured by the midlatitude magnetometers, we are, in practice, measuring some of the characteristics of the spatial structure of the particle population and energy distribution in the ring current.
Modeling the Spatial Structure of the Ring Current
The spatial structure of the ring current shows a very clear dynamical evolution (Figure 2) , as different parts of the ring current behave differently during the different phases of the storm. In order to understand the dynamical behavior of the ring current spatial structure, we construct a dynamical model for the evolution of the spatial structure of the MLMF. In trying to relate the magnetic perturbations to the energy distribution in the ring current, we make an assumption similar to the assumption made in constructing (2) for the model of the evolution of the total ring current particle energy, as represented by the Dst, e.g.,
--• + a(A)Ew(t) (4) ot
where H(A,t), r and a have now a longitudinal variation. There are a few issues that must be clarified: (1) model discretization, (2) rotation to a fixed frame, and (3) pressure correction. 
B. This equation is, in general, a discretization of (4) but contains coupling terms of the type given in (3).
Since different parts of the MLMF behave differently, we expect that (4) is not enough to describe the evolution of the spatial structure if r(A) •_ const. Indeed, the asymmetry in the spatial structure of the ring current is due to the nondiagonal elements of the matrix c•.
Rotation to a Fixed Frame
The Hi(t) represent the station measurements fixed on the surface of the Earth, but as the Earth rotates, the stations sample different regions of the ring current. A more physically meaningful picture of the ring current structure can be constructed by rotating the magnetometer stations to a frame "semifixed" with respect to the magnetosphere by plotting the station measure-
ments versus the station magnetic local time (MLT).
We use the simple relation The best prediction for this interval in the linear case is given by the model representing the rotated and pressure-corrected data. Even though such result is expected from physical grounds, it is interesting to see that most of the difference is due to the pressure correction. The predicted spatial structure for this linear model is shown in Figure 7 asymmetry in the ring current is generated. These ideas will be developed and reported elsewhere.
Conclusions
The solar wind-ring current interaction during intense magnetic storms has been modeled as an inputoutput system, reconstructed from ground magnetometer and solar wind data. There are many suggestions, including this article, that the ring current as described by the Dst index behaves in a nonlinear fashion. We believe that a more complete understanding of the nonlinear behavior of the ring current evolution can be reached only after a careful analysis of its spatiotemporal multivariate properties, which may include multiple inputs and outputs. The spatial structure of the ring current is Besides the application of these models for the prediction of the ring current evolution and its application as a space weather forecasting tool, these spatiotemporal models of the ring current evolution can be used to retrieve physical significant parameters of the sys- 
Appendix A: Relation to Energy Density in the Ring Current
We start with the Biot and Savart law for the magnetic field [Jackson, 1975] 
Appendix B' Modeling
The evolution of many dynamical systems, whether they are represented by a single or multiple variables, can be described by a trajectory in a phase space. We expect that the evolution of the spatial structure of the midlatitude magnetic fluctuations, as a representation of the ring current structure, may be such a system owing to the previous studies of the Dst 
